In this letter, we present a proposed model for calculating the standard formation enthalpy of binary transition-metal systems by adding a prefactor S(c) to the well-documented formula developed by Miedema. The main idea is to take into account the significant effect of the atomic size difference on the contact surface while two dissimilar metals approaching together. Employing this model, the standard formation enthalpies of some 260 intermetallic compounds were calculated and compared with the experimentally measured data. It was found that the precision of the calculated values by the proposed model could be improved 13%-65% and that statistically, over 95% of the calculated values were in agreement with the experimental ones within an error of Ϯ23 kJ/mol, while employing the Miedema's formula the agreement was about 80%. © 2002 American Institute of Physics. ͓DOI: 10.1063/1.1499510͔
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It is well known that in studying some fundamental issues in the field of physical metallurgy, especially in studying those topics related to the equilibrium and/or nonequilibrium alloy phase formation and transformation, development of relevant thermodynamic as well as kinetic theory to understand the underlying physics is of vital importance. Recalling the development during the last century, in the 1930's, Hume-Rothery et al. 1 considered the size, electrochemical and valence factors and proposed some empirical rules to predict the alloy phase formation. In the early 1950's, Darken and Gurry 2 constructed a two-dimensional map using the atomic size and electronegativity as intrinsic parameters to predict the formation of solid solutions. Unfortunately, these empirical rules allowed no quantitative or even semiquantitative thermodynamic calculation concerning the alloy phase formation. In the mid-1970's, Miedema et al. [3] [4] [5] developed a semiquantitative theory, by combining the concepts from the thermodynamics of solids and energy band theory, and Miedema's theory is capable of calculating the thermodynamic properties of the alloy phases based on some intrinsic properties of the constituent elements. Since then, Miedema's theory has been employed to calculate the heat of formation of liquid as well as of the transition-metal alloys. In recent decades, the theory has also been employed to construct the Gibbs free energy diagrams of the binary metal systems and the calculated diagrams could give relevant thermodynamic insight of the equilibrium and/or nonequilibrium alloy phase formation and transformation. [6] [7] Since the early 1980's, Kleppa et al. conducted extensive experimental studies and measured some 260 standard formation enthalpies of the intermetallic compounds combining one early and one late transition ͑or noble͒ metals. The measuring error was reported to be around Ϯ5 KJ/mol. [8] [9] Comparing the experimental data obtained by Kleppa et al. with the calculated values from Miedema's theory, over 90% of the calculated values are lower ͑or more negative͒ than the experimental ones. It is of interest to note that most of the studied and compared binary transition-metal systems feature an atomic size difference, which is believed to play an important role in affecting the precision of the calculation, yet has not been considered in Miedema's theory. The main objective of this study was therefore to develop an improved model for calculating the standard formation enthalpy of binary transition-metal systems.
In order to calculate the standard formation enthalpy of the intermetallic compounds, the heat of solution of one constituent metal in its partner metal of a binary transition-metal system is crucial, and consists of two important parameters, i.e., the electron-negativity difference and the solubility. [3] [4] [5] First, the electronegativity difference between the two constituent metals is a negative parameter, which provides a major driving force for the formation of an intermetallic compound. When two different metallic atoms are brought into contact, the charge redistribution is not limited within the inside of each atom, but will include a net charge transfer, which is governed by the difference in contact potential between the two dissimilar metals. The charge will flow along a potential gradient from high to low, until the resultant dipole layer compensates the potential difference. Viewing at an atomic scale, the charge transfer corresponds to a negative ionic contribution to the heat of solution, which can be expressed by the electronegativity difference between the two constituent metals, ⌬⌽*. Second, when transferring atoms of metal B into metal A for forming an A-B alloy, the discontinuity of the electron density at the boundaries between the dissimilar atoms, which is defined as ⌬n ws 1/2 , has to be smoothed and therefore contributed a positive parameter in the heat of solution. According to Miedema's theory, the heat of solution per unit surface area can be described as
a͒ Author to whom correspondence should be addressed; electronic mail: dmslbx@tsinghua.edu.cn APPLIED PHYSICS LETTERS VOLUME 81, NUMBER 7 where S is the contact surface area, P and Q are two empirical constants. The average value of n ws Ϫ1/3 enters the expression as a measure of electrostatic screening length, which determines the width of the dipole layer. The heat of solution is originated from the contact interface between the two dissimilar atoms, which are described by the well-known Wigner-Seitz ͑WS͒ unit cells. In Miedema's theory, the contact between the two WS unit cells was ideally matched.
In the authors' view, the contact between the two dissimilar WS unit cells could not be matched ideally, especially for those binary transition-metal systems consisting of two metals with a considerable and large atomic size difference. In other words, the shapes of the two contacting unit cells would probably be deformed, because the contact interfaces would always differ from the surface area of the solute atom. The effect of changing contact interface area should therefore be taken into account in calculating the heat of solution as well as the standard formation enthalpy of the binary transition-metal systems. Meanwhile, the atomic size difference would frequently lower the package density of the crystalline lattice and thus increase the binding energy between the two dissimilar atoms, because the electron cloud would become further away from the nuclei. To include these effects, we propose to add a prefactor S(c) in Eq. ͑1͒, which is defined by
where S v (c) is named as an influential factor and c represents the alloy composition. For a binary transition-metal system, the influential factor is to describe the effect of the atom size difference on the contact interface as well as the binding energy and is expressed by a ratio between the difference of the surface area and the average area of the dissimilar atoms:
where V B 2/3 and V A 2/3 are the surface area of solute and solvent atoms, respectively, and c B s and c A s are the concentrations of the solute surface area and the solvent surface area, respectively, which can be calculated by
shows the effect of deviation of the contact interface of the two WS unit cells on the changing of the binding energy. The prefactor S(c) is therefore expressed by
Apparently, both S(c) and S v (c) depend on the alloy composition. Under such definition, the prefactor S(c) would be unity, if the two constituent metals have no atomic size difference. According to the definition, the heat of solution of metal B in metal A is expressed by the following formula:
͑7͒
The formula is also for the heat of solution of the liquid metal B in liquid metal A. Consequently, in our proposed model, the standard formation enthalpy can therefore be expressed by
where f (c) is a function of alloy composition for including the effect of the chemical short-range-order ͑CSRO͒ of an ordered intermetallic compound on the standard formation enthalpy, and is expressed by a simple analytical formula:
where ␥ is the CSRO parameter for the intermetallic compound and taken as a constant, i.e., ␥ϭ8. Fig. 1 exhibits 260 calculated data ͑by circles͒ by the proposed model and Fig. 2 shows the corresponding data ͑by squares͒ calculated by Miedema's theory. In these figures, the X abscissa is the experimental values and the Y coordinate is the calculated value of the standard formation enthalpy. In both figures, a linear line yϭx stands for 100% agreement between the calculated and measured values and two dashed lines are set to define a data zone with an error bar set to be Ϯ23 kJ/mol. One sees clearly from the figures that over 95% of the circles are within the data zone whereas about 80% of the squares fall in the same zone, confirming that the proposed model could provide a more precise calculation of the standard formation enthalpy than Midema's theory. It should be mentioned that there are still some empirical constants used in the above calculations and many further studies are required to approach an even better agreement between the theoretical calculation and the experimental results.
In summary, by considering the effect of atomic size difference on the shape of the contact interface between the two Wigner-Seitz unit cells ͑representing two dissimilar metal atoms͒, a model was proposed for calculating the standard formation enthalpy and the calculation precision could significantly be improved.
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